One-dimensional icosahedral boron chains and two-dimensional icosahedral boron sheets (icosahedral α, δ 6 , and δ 4 sheets) that contain icosahedra B 12 as their building units have been predicted in a computer simulation study using a state-of-the-art semi-empirical Hamiltonian. These novel low-dimensional icosahedral structures exhibit interesting bonding and electronic properties. Specifically, the three-center, two-electron bonding between icosahedra B 12 of the boron bulk (rhombohedral boron) transforms into a two-center bonding in these new allotropes of boron sheets. In contrast to the previously reported stable buckled α and triangular boron monolayer sheets, these new allotropes of boron sheets form a planar network. Calculations of electronic density of states (DOS) reveal a semiconducting nature for both the icosahedral chain and the icosahedral δ 6 and δ 4 sheets, as well as a nearly gapless (or metallic-like) feature in the DOS for the icosahedral α sheet. The results for the energy barrier per atom between the icosahedral δ 6 and α sheets (0.17 eV), the icosahedral δ 6 and δ 4 sheets (0.38 eV), and the icosahedral α and δ 4 sheets (0.27 eV), as indicated in the respective parentheses, suggest that these new allotropes of boron sheets are relatively stable.
Introduction
The recent interest in the synthesis and computational studies of low-dimensional structures of boron is motivated by the desire to search novel nanomaterials with unique electronic properties. Since boron is an electron-deficient element, it has the tendency to form either a three-center, two-electron bond or a strong directional covalent bond. Analogous to its neighboring element (carbon) in the periodic table, boron has various allotropic structures. The linear, planar, quasi-planar, convex, ring, and icosahedral clusters have been found for small boron clusters [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , while cage and fullerene-like structures [11] [12] [13] [14] [15] [16] [17] , as well as the compact [18] [19] [20] and coreshell structures [21] [22] [23] , have been reported for boron clusters of intermediate sizes. In addition, tubular and monolayer sheet structures have been theoretically predicted [24] [25] [26] [27] [28] [29] [30] [31] . Stable pure boron crystalline structures including the rhombohedral α-B 12, β-B 106 , and γ-B 28 phases (referred as α-B, β-B, and γ-B, respectively) [32] [33] [34] [35] [36] [37] [38] , as well as boron nanowires, have also recently been successfully synthesized [39] [40] [41] . We report in this paper hitherto unexplored stable lowdimensional boron allotropes (one-dimensional icosahedral chain structures and two-dimensional (2D) icosahedral sheet structures) designed from α-B which contain icosahedral B 12 units arranged in a rhombohedral cell.
Our motivation is based on the fact that the boron crystalline structures are the most stable structures among boron allotropes [34] . The stable crystal structure of α-B is built up with the icosahedra B 12 located at each vertex of the rhombohedron. Each icosahedron B 12 strongly and directly bonds to its neighbors, making the α-B stable. This special structure clearly indicates that, even though an isolated icosahedron B 12 is found to be energetically less stable compared to the energetically favored quasi-planar B 12 or the ring B 12 cluster, the aggregation of the icosahedra B 12, however, has been shown to have the capability to form stable polymorphs, if such polymorphs are capable of forming the strong two-center covalent bonds between the icosahedra B 12 . Boron crystals exhibit various interesting chemical and physical properties. Boron allotropes analogous to such crystalline structures are expected to maintain the basic crystal properties and could likely be synthesized. Recently, some 2D structures based on icosahedron B 12 have been proposed, including the icosahedral boron sheet with C 1h symmetry [30] and the icosahedral B 12 network in the alpha-rhombohedron boron structure extending on the {100} planes [42] . However, a systematic study of different types of 2D systems based on icosahedral B 12 units, including the structural stability, the energetics, the bonding nature between icosahedra B 12 , and the electronic properties, is still lacking.
Stimulated by such considerations, we propose here new boron allotropic structures constructed using the icosahedron B 12 as the building block (referred as the icosahedral structures). Through a careful and detailed survey using structural optimization, we have identified four interesting boron icosahedral structures, namely, the icosahedral chain and three icosahedral sheets (referred as the icosahedral α, δ 4, and δ 6 sheets, respectively). These novel icosahedral structures are found to be structurally and energetically stable and exhibit interesting chemical bonding nature and electronic properties. Specifically, contrary to the α-B, which has six strong twocenter and 12 weak three-center inter-icosahedral bonds, the inter-icosahedral bonds in the new icosahedral structures are all directional, two-center covalent bonds. Furthermore, the icosahedral δ 6 sheet, the layered structure similar to the rhombohedral face of the α-B, has been found to be most stable among the new icosahedral structures and is expected to be synthesizable. We have also found that these icosahedral structures, with the exception of the icosahedral α sheet that appears to be a gapless system, exhibit a semiconducting nature, with the calculated energy bandgap in the range of 0.39-0.74 eV, suggesting potential applications for nanoelectronics.
The modeling scheme employed in the present work is based on a highly efficient semi-empirical Hamiltonian (referred as a SCED-LCAO Hamiltonian) [18, 43, 44] . A detailed description of our modeling using this approach will be given in section 2. The results and discussions, including the stability, energetics, and the detailed analysis of the bonding nature, the structural properties, and the electronic properties, will be presented in section 3. The possible pathways to synthesize these icosahedral sheet structures are also discussed in section 3. Finally, the most significant findings about these novel icosahedral structures are summarized in section 4.
Modeling
The molecular dynamics simulation scheme used in this work is based on the latest version of the self-consistent and environment-dependent SCED-LCAO Hamiltonian [18] . The detailed description for the SCED-LCAO Hamiltonian and its various applications for B-, C-, Si-, and Ge-based nanomaterials have been discussed in [18, [43] [44] [45] [46] [47] [48] [49] [50] . The key feature of the SCED-LCAO Hamiltonian, compared to other existing semi-empirical Hamiltonians, is that it has a framework to allow the self-consistent determination of charge redistribution and to take into account the environment-dependent multi-center interactions. These are two critical ingredients for an appropriate description of the bond-breaking and bondforming processes that play dominant roles in the structural reconstruction of complex systems. In the latest version of the SCED-LCAO Hamiltonian, the inclusion of an environmentdependent orbital energy term takes into account the effect of the atomic aggregation on the occupation of the atomic orbitals within the minimum orbital basis [18] . The modified SCED-LCAO Hamiltonian constructed for boron has shown its capability to characterize the complex chemical properties of the trivalent element boron and captured various bonding natures (e.g., the two-center and the three-center bonds) in the allotropes of boron, including the small B n (n=2-24) clusters with the linear, planar, quasi-planar, convex, icosahedral, and ring structures; the isotropic B 80 buckyballs with I h , T h , and C 2h symmetries; the monolayer sheets with the buckled δ 6 , the buckled α, and the flat δ 4 symmetries; and the rhombohedral structure of the crystalline α-B (see [18] for details). It has also been applied to study the compact boron clusters B n (100<n<800) and found that clusters containing complete icosahedra B 12 are more stable for boron clusters of a larger size with n>200 [18] . These successful applications demonstrate that the parametrization of the SCED-LCAO Hamiltonian for boron are reliable and transferable to predict the different chemical coordinations exhibited by boron allotropes. Therefore, in this work we adopt the SCED-LCAO Hamiltonian to explore the possible existence of low-dimensional boron icosahedral structures through a comprehensive molecular dynamics study.
The initial configurations of the low-dimensional icosahedral structures were constructed based on the structural properties of the α-B. The structural property of α-B is shown in figure 1(a) . It possesses the rhombohedral symmetry characterized by the lattice parameters a 0 (the lattice constant) and α (the angle of the apex). Each icosahedron B 12 unit is connected covalently (i.e. via two-center inter-icosahedral bonds) to atoms of its six nearest-neighbor (NN) icosahedra, indicated by b inter in figure 1(a) . As obtained from the experimental measurement [37] , the inter-icosahedral bond b inter (∼1.71 Å [37, 38] ) is slightly shorter than the threecenter bonds between boron atoms inside the icosahedron B 12 (referred as the intra-icosahedral bonds b intra in figure 1(a) , which is in the range of 1.73-1.79 Å [37] ). The interatomic distance (indicated by blue dotted lines in figure 1(a) and referred as δ bond [37] ) between an atom of the icosahedron B 12 and the connecting atom of its next nearest-neighbor (NNN) icosahedra B 12 is ∼2.03 Å [37] , about 0.32 Å longer than the two-center inter-icosahedral bond b inter .
The initial configuration of the one-dimensional icosahedral structure (referred as an icosahedral chain) is constructed as a chain by cutting its connections to α-B through the lattice vectors of α-B (see figure 1(b) ). The initial configurations of 2D icosahedral structures are also constructed based on the α-B. For example, the initial configuration of the icosahedral δ 6 sheet has the triangular symmetry (see figure 1(c) ). It can be obtained as one of the rhombohedral faces of the α-B. The lattice vectors of its primary unit cell are the two lattice vectors of the α-B along this face (e.g., the {001} plane) with the lattice constant a (denoted by the dashed lines in figure 1(c) ). The initial configuration of the icosahedral α sheet is then constructed by removing one icosahedron B 12 and creating one hexagonal hole from the 3×3 unit cells of the icosahedral triangular δ 6 sheet (see figure 1(d) ). The initial configuration of the icosahedral δ 4 sheet is constructed by removing one icosahedron B 12 and creating one hexagonal hole from the 2×2 unit cells of the icosahedral triangular δ 6 sheet (see figure 1(e) ). The notation of the symmetry of these icosahedral sheets follows the notation for the monolayer boron sheets defined in [29] . In contrast to the icosahedral triangular δ 6 sheet, the icosahedral α sheet has three types of icosahedra B 12 , depending on its inter-icosahedral bonding nature (referred as types A, B, and C in figure 1(d) ). Type A icosahedra B 12 have four single inter-icosahedral bonds and two pairs of δ-like (referred as the δ' bond from this point on; see figure 1(c)) bonds, similar to the case of the icosahedral δ 6 sheet. Type B icosahedra B 12 have three inter-icosahedral bonds and two pairs of the δ' bonds. Type C icosahedra B 12 have four inter-icosahedral bonds and one pair of the δ' bond. In the icosahedral δ 4 sheet, on the other hand, there are two types of icosahedra B 12 (referred as types A and B in figure 1(e) ). Type A icosahedra B 12 have only four single inter-icosahedral bonds, and type B icosahedra B 12 have two single inter-icosahedral bonds and two pairs of δ' bonds. These low-dimensional icosahedral structures are then fully relaxed, using the power-quenching algorithm [51] implemented in the SCED-LCAO method mentioned above [18] . The super cell used in the real-space structural optimization process for these 2D icosahedral structures is 6×6 for the icosahedral δ 6 sheet, 3×3 for the icosahedral δ 4 sheet, and 2×2 for the icosahedral α sheet, respectively, with respect to the corresponding primitive unit cell. The lattice vectors of the primitive unit cell for each icosahedral structure are shown by the black dashed arrows in figure 1 . The time step in the structure relaxation was set to be 1.2 fs, and the force criteria for full relaxation was set to be less than 10 −2 eV Å −1 . The optimized equilibrium structures of the newly discovered low-dimensional icosahedral structures obtained from the SCED-LCAO modeling were further validated by the density functional theory (DFT)-based Vienna Ab Initio Simulation Package (VASP) [52] . In the VASP calculation, the Vanderbilt ultra-soft pseudo-potential [53, 54] was used to describe interaction between the core and the valence electrons, and the GGA PW91 version [55] was used for the exchange-correlation potential. To ensure the convergence of the total energy, the cut-off energy for the plane-wave basis set was taken to be 321.5 eV, and several sets of k points were taken according to the Monkhorst-Pack scheme (i.e., 1×1×6 k-point mesh for the icosahedral chain, 6×1×6 k-point mesh for the icosahedral δ 6 sheet, 4×1×4 k-point mesh for the icosahedral δ 4 sheet, and 2×1×2 k-point mesh for the icosahedral α sheet, respectively). In the DFT calculations, the primitive unit cell for each icosahedral structure was always used. A vacuum region (15 Å) was also chosen to ensure that there was no interaction between the periodic icosahedral chains or sheets. The structural relaxation in VASP calculations was performed using the conjugate gradient algorithm with the force criteria set less than --10 eV Å . 3 1 As a benchmark, we have performed the structural optimization of the α-B (see figure 1 in [18] ). The optimized lattice parameters for α-B from both the SCED-LCAO method [18] and the DFT method [52] were 'identical' up to three significant figures (a 0 =5.058 Å and α=57.85°). These figures are also consistent with the experimental measurements (a 0 =5.057±0.003 Å and α=58.06±0.05°) [37, 38] .
Results and discussions

Stability
The structures of the icosahedral chain and sheets are optimized by scaling their lattice parameter a to the optimized lattice constant a 0 of the α-B and then relaxing them for each a. It is interesting to note that the equilibrium configurations of all three 2D icosahedral B 12 sheets relax to a planar network, in marked contrast to the cases of boron monolayered sheets, where the equilibrium configurations of both the boron α sheet and boron δ 6 sheet are buckled. The results for the calculated relative energy as a function of the ratio of a/a 0 for these icosahedral structures are shown in figures 2(a)-(d). The relative energy is defined as the total energy per atom of the system under consideration to that of the fully relaxed icosahedral δ 6 sheet at its equilibrium. It can be seen that the results for the relative energy curves obtained from the SCED-LCAO method are in good agreement with the more accurate but expensive DFT results in both the shape of the energy curves and the energy ordering among these icosahedra structures (see the insets of figures 2(a)-(d)). The optimized lattice constant for the icosahedral chain (figure 2(a)) is 5.349 Å (5.297 Å in DFT), which is about 5.7% (4.7% in DFT) larger than that of the α-B. On the other hand, the optimized lattice constants for the icosahedral δ 4 and α sheets (figures 2(b) and (c)) are 5.007 Å (5.056 Å in DFT), which is 1% (0.4% in DFT) smaller than that of the α-B, and the optimized lattice constant for the icosahedral δ 6 sheet (figure 2(d)) is 4.957 Å (4.932 Å in DFT), which is about 1.9% (2.5% in DFT) smaller than that of the α-B (see table 1 ). It should be noted that even though the size of the unit cell for each structure used in the SCED-LCAO calculation and that used in the DFT calculation are different (implying different restrictions for B 12 units within the unit cell during the process of optimization), the final optimized structures obtained by both methods, as compared to the bulk α-B, are consistent with one another. The stability and the existence of these optimized lowdimensional icosahedral structures are further confirmed by the existence of stable vibrational modes at equilibrium. Using the VASP package, the lowest vibrational mode is calculated by solving the dynamical matrix or the force constant matrix at the gamma point. These lowest vibrational frequencies occur at 216.640 cm −1 for the icosahedra δ 6 sheet, 38.116 cm −1 for the icosahedra α sheet, 34.416 cm
for the icosahedra δ 4 sheet, and 43.599 cm −1 for the icosahedra chain, respectively. The positive values of the lowest vibration frequencies indicate that even though these lowdimensional icosahedral structures are energetically slightly higher than the most stable α-B (see the 3rd column in table 1), they are stable and hence could exist if synthesized under appropriate conditions. A recent experimental report on the growth of crystalline boron nanowires by chemical vapor deposition indicates that the nanowires exhibit the orthorhombic symmetry [39] , suggesting another possible way to synthesize the icosahedral structures.
Energetics
Figures 2(a)-(d) and table 1 also show that energetically, the icosahedral δ 6 sheet is the lowest in energy among these new icosahedral structures, followed by the icosahedral α sheet, which is 0.085 eV/atom (0.078 eV/atom in DFT) higher than the icosahedral δ 6 sheet, and the icosahedral δ 4 sheet, which is 0.21 eV/atom (0.252 eV/atom in DFT) higher than the icosahedral δ 6 sheet. The icosahedral chain, on the other hand, has the highest energy, i.e., 0.398 eV/atom (0.483 eV/atom in DFT) higher than that of the icosahedral δ 6 sheet. This is because in the icosahedral δ 6 sheet, each icosahedron B 12 is bonded to its six neighbors located at the vertex of a hexagon, four of them being bonded in the form of the single-directional covalent bond, and two of them bonded with the pair of δ' bonds. Therefore, there are in total eight inter-icosahedral bonds, while, in the case of the icosahedral α sheet, even though the type A icosahedron B 12 (in figure 1(d) ) has the same bonding structure as that in the icosahedral δ 6 sheet, the types B and C icosahedra B 12 each loses one icosahedron B 12 neighbor due to the existence of the hexagonal holes. The icosahedra B 12 near the hexagonal holes have either seven inter-icosahedral bonds (type B in figure 1(d) ) or six intericosahedral bonds (type C in figure 1(d) ). So, the interactions between the icosahedra B 12 are weaker than those in the icosahedral δ 6 sheet. In the case of the icosahedral δ 4 sheet, each icosahedron has only four inter-icosahedral bonds (type A in figure 1(e) ) or six inter-icosahedral bonds (type B in figure 1(e) ). Therefore, they are slightly higher in energy than both of the icosahedral δ 6 and α sheets. There are only two inter-icosahedral bonds for each icosahedron B 12 in the icosahedral chain (see figure 1(b) ), and hence it has the highest energy among these icosahedral systems. We also studied an icosahedral sheet with the hexagonal symmetry. Since there are only three neighboring icosahedra B 12 for each icosahedron B 12 orientated at 120°degrees with respect to each other, such inter-icosahedral bonding does not fit the preferential pattern of the icosahedra in the crystalline structures, and, therefore, we could not stabilize this type of icosahedral sheet. As a result, the icosahedra B 12 became distorted and rotated to form a corrugated sheet with irregular orientation of the icosahedra B 12 , leading to an unstable icosahedral sheet.
Furthermore, we compared icosahedral sheets to the monolayer boron sheets with similar symmetry (see the results reported in table 1 within parentheses). As can be seen from table 1, the cohesive energies of both icosahedral δ 6 and δ 4 sheets are 0.141 eV/atom and 0.123 eV/atom, lower than those of the corresponding monolayer buckled δ 6 and flat δ 4 sheets, respectively. The cohesive energy of the icosahedral α sheet is only 0.009 eV/atom, slightly higher than the most stable monolayer buckled α sheet, indicating that with the exception of sheets with α symmetry, the icosahedral sheets are energetically more favorable than their corresponding monolayer boron sheets. Furthermore, the results shown in table 1, together with the results reported in [30] by Lau and Pandey for the icosahedral sheet with C 1h symmetry (which is 0.1 eV/ atom higher than that of the monolayer buckled δ 6 sheet), lead to the conclusion that the icosahedral δ 6 sheet is the most stable boron sheet among all known 2D boron sheets and those investigated in the present work. Thus it is also reasonable to conclude that the icosahedral δ 6 sheet is the most likely synthesizable sheet among all the boron-based 2D structures.
Bonding nature
The inter-icosahedral bonding nature in the icosahedral sheets is interesting when compared to the bonding nature in the α-B. According to Longuet-Higgins and Roberts [56] , an icosahedron B 12 has 36 valence electrons but 48 valence molecular orbitals (i.e., each boron atom has three valence electrons and four valence orbitals). These valence molecular orbitals contain 12 outward-pointing radial orbitals and 36 orbitals within the icosahedron, with 13 bonding and 23 antibonding orbitals. A stable icosahedron B 12 will then need 26 electrons to occupy the 13 bonding orbitals and form the three-center type of bonds inside the icosahedron. The remaining 10 electrons have to go to the 12 outward-pointing radial orbitals and have the tendency to form bonds with the external neighboring atoms. When icosahedra B 12 aggregate to form α-B, it is found that among the 10 electrons, six electrons from six vertices (atoms) of the icosahedron bond to the atoms of its six NN icosahedra B 12 , forming six directional covalent inter-icosahedral bonds, and the remaining four electrons from the other six vertices (atoms) of the icosahedron participate in the formation of the 12 weak threecenter type of inter-icosahedral δ bonds with atoms of its six Table 1 . The lattice constant, the cohesive energy E cohesive , and the energy gap E gap for the equilibrated icosahedron B 12 , the icosahedral chain, the icosahedral sheets (e.g., icosahedral δ 6 , α, and δ 4 sheets), and the α-B (bulk), respectively. The corresponding values for the monolayer buckled δ 6 and α and flat δ 4 sheets are also listed in the parentheses. Especially, quite different from the three-center type of bonding found in the α-B, the δ' bonds in the icosahedral δ 6 sheet exhibit the directional covalent bonding with the bond length 0.20 Å, shorter than those in the α-B, indicating that the δ' bonds in the icosahedral δ 6 sheet are stronger than those in the α-B. This is because there are no more atoms from the neighboring icosahedra B 12 to participate in the formation of the three-center bonds. Such a special bonding nature (namely, four single covalent inter-icosahedral bonds and two pairs of the directional inter-icosahedral δ' bonds bonding to six neighboring icosahedra B 12 ) also indicates that there will be four dangling bonds at the remaining four vertices of the icosahedron orientated outward and pointing from the sheet. These dangling bonds reduce the bonding symmetry as compared to the α-B. As a result, a deformation of the icosahedron B 12 and a transition of δ bonds (i.e., from the weak three-center inter-icosahedral δ bond with the bond length of 2.02 Å in the α-B to the strong two-center inter-icosahedral bond δ' with the bond length of 1.8 Å in the icosahedral δ 6 sheet) occur, and the icosahedral δ 6 sheet is stabilized. Although the energy of this stabilized new structure is (0.28 eV/atom) higher than that of the most stable α-B (see the 3rd column of table 1), it is still lower than boron monolayers (0.076 eV/atom lower than the most stable buckled α monolayer, based on SCED-LCAO results). Similarly, such inter-icosahedral bonding features are also found in the icosahedral α and δ 4 sheets. But there are more dangling bonds in the icosahedral α and δ 4 sheets, and, therefore, they are less stable than the icosahedral δ 6 sheet. The icosahedral chain, on the other hand, has only two electrons participating in the formation of the two directional covalent inter-icosahedra bonds, and the remaining eight electrons stay in the 10 unoccupied orbitals, leading to its higher energy. We also tested the stability for the icosahedral δ 6 sheet by heating the system and found that it still keeps its planar network without any distortion/deformation, even around 2000 K, indicating that it is dynamically very stable, while the monolayer buckled α sheet begins to corrugate at 700 K, indicating that it is dynamically less stable than the icosahedral δ 6 sheet.
Structural properties
A detailed analysis of the structural and bonding properties of these new icosahedral structures includes the analysis of their local bonding structures (see table 2 ) and calculations of the pair-distribution functions (figures 3(a) and 4(a)) and the angle-distribution functions (figures 3(b) and 4(b)), respectively. Table 2 α-B (i.e., 1.73-1.80 Å) , probably due to the existence of the dangling bonds in the icosahedra B 12 in the icosahedral chain (and also in the isolated icosahedron B 12 ). The covalent inter-icosahedral bonds b inter (i.e., 1.76 Å), on the other hand, are about 0.9 Å longer than that in the α-B (i.e., 1.67 Å), indicating a weaker interaction between the icosahedra B 12 in the icosahedral chain. The first peak in the pair distribution function of the icosahedral chain (black solid curve in figure 3(a) ) has a similar shape to that of the isolated icosahedron B 12 (the black dashed curve in figure 3(a) ). The shoulder of the first peak around 1.76 Å represents the intericosahedral bond length. The periodicity of the icosahedral chain is characterized by the pronounced peaks at greater distances. The peak at 60°(associated with triangular structures inside the icosahedron B 12 ) in the angle-distribution function of the icosahedral chain (black solid curve in figure 3(b) ) is split into several distinguishable sub-peaks as compared to the single peak at 60°for the isolated icosahedron B 12 (black dashed curve in figure 3(b) ). Such splitting corresponds to the deformation or symmetry reduction of the icosahedra B 12 along the chain axis when the icosahedra B 12 form the chain structure. There are other features in the angledistribution function that are identifiable as other structural features of the chain. For instance, the peaks at around 96°a nd 128°can be recognized as resulting from the elongation of the icosahedra B 12 unit along the chain axis (see black dotted lines inside the structure of the icosahedral chain in the inset of figure 3(b) ).
There are several interesting structural properties found in the icosahedral sheets. First, as shown in table 2, the intrabond length b intra has a wider distribution in the icosahedral sheets (e.g., 1.56-1.77 Å in the icosahedral δ 6 sheet, 1.56-1.80 Å in the icosahedral α sheet, and 1.59-1.80 Å in the icosahedral δ 4 sheet, respectively) than that in α-B (i.e., 1.73-1.80 Å), indicating a slight deformation of the icosahedron B 12 in the icosahedral sheets due to the reduced symmetry along the direction perpendicular to the sheet. This feature can also be seen from the broadening of the first peak in the pair-distribution functions of the icosahedral sheets (see the black solid, the red dashed, and the green dotted-dashed curves in figure 4(a) ) with respect to that of the α-B (see the black dotted curve in figure 4(a) ). Second, it is also found from table 2 that the single covalent inter-icosahedral bond length b inter (S) is similar to that of the α-B (e.g., 1.69 Å for the icosahedral δ 6 sheet, 1.69 Å (type A) or 1.69-1.72 Å (types B and C) for the icosahedral α sheet, and 1.68 Å (types Table 2 . Comparisons of the structural properties of the icosahedral chain and the icosahedral sheets with the icosahedron B 12 and the α-B. 1st column: system notation; 2nd column: the bond lengths between boron atoms inside the icosahedron B 12 A and B) for the icosahedral δ 4 sheet, respectively), indicating that the strength of the interaction between these icosahedra is similar to that in the α-B. Third, the paired inter-icosahedral δ' bonds, indicated by (D) in the third column of table 2, are much shortened in the case of the icosahedral sheets (e.g., 1.80 Å in the icosahedral δ 6 sheet, 1.82 Å (types A and B) and 1.75 (type C) in the icosahedral α sheet, and 1.82 Å (type B) in the icosahedral δ 4 sheet, respectively) as compared to the δ bonds in α-B (i.e., 2.02 Å), indicating stronger interactions between these icosahedra. That is why the sub-peak at ∼2.0 Å in the pair-distribution function of α-B (see the black dotted curve in figure 4(a) ) disappears in the case of the icosahedral sheets (see the black solid, the red dashed, and the green dotted-dashed curves in figure 4(a) ). Furthermore, the reason why b inter (D) in the icosahedral α sheet is shorter for type C than for types A and B is that the icosahedra B 12 located at the type C position have only one pair of the δ' bonds due to the existence of the hexagonal hole. Fourth, for each icosahedron B 12 , its number of single covalent inter-icosahedral bonds (N , S inter the 4th column in table 2) and the number of pairs of the inter-icosahedral δ' bonds (N , D inter the 5th column in table 2) depend on the environment of the icosahedra B 12 in the sheet, in particular, in the cases of the icosahedral α and δ 4 sheets. The above analyses clearly demonstrate that the slight deformation of the icosahedra B 12 , the covalent bonding nature in both the single and double inter-icosahedral bonds, and the shortness of the inter-icosahedral δ' bonds in the icosahedral sheets play crucial roles in stabilizing these icosahedral sheets. Such a symmetry reduction-induced bonding nature in the icosahedral sheets is again reflected in the broadening of the peaks and the merger of the 2nd and the 3rd peaks in the pair-distribution functions ( figure 4(a) ), the splits of the peak at around 60°in the angle-distribution functions (see figure 4(b) ), and the broadening of the peak at around 110°in the angle-distribution functions (see figure 4(b) ).
Electronic properties
The complex chemical bonding nature in these low-dimensional icosahedral structures alters their electronic properties as compared to other boron allotropes (e.g., monolayer buckled α and δ 6 sheets and flat δ 4 -sheets exhibiting a nearly gapless feature (metallic-like), and α-, β-, and γ-B, exhibiting finite energy gaps (semiconductors)). Figures 5(a)-(d) show the electronic densities of states (DOS) of these low-dimensional icosahedral structures together with that of the α-B. The Fermi energy is presented by the red dashed line at zero. The energy gap calculated for α-B ( figure 5(e) ) is 1.90 eV, close to the optical gap of 2.0 eV measured for α-B [57] . The calculated energy gap for the icosahedral chain, on the other hand, is 0.74 eV, which is smaller than that of the α-B but still exhibits a semi-conducting behavior. The calculated energy gaps for the icosahedral sheets, however, strongly depend on the symmetry of the sheets. The icosahedral δ 6 and δ 4 sheets exhibit semiconducting nature (e.g., 0.52 eV for the icosahedral δ 6 sheet and 0.39 eV for the icosahedral δ 4 sheet, respectively), while the icosahedral α sheet appears to have a small gap or is nearly gapless (∼0.018 eV).
Energy barriers
As already pointed out in section 3.2, the icosahedral δ 6 sheet is the most likely synthesizable quasi-2D structure among all boron-based quasi-2D structures considered. Hence the remaining issue from the point of view of synthesis would be to find possible pathways to produce the icosahedral α and δ 4 sheets from the icosahedral δ 6 sheet. To shed light on the possible pathways (e.g., from the δ 6 phase to α/δ 4 phase or from α phase to δ 4 phase), we modeled such processes of phase transitions by gradually removing the icosahedra out of the sheet (following the procedure similar to the one used in constructing initial configurations of these sheets). For instance, the transition from the δ 6 phase to the α/δ 4 phase is modeled by gradually removing four/nine icosahedra from the 6×6 unit cell of the δ 6 phase along the direction perpendicular to the icosahedral δ 6 sheet (see figures 6(a) and (b)). The transition from the α phase to the δ 4 phase is modeled by gradually removing five icosahedra from the 2×2 unit cell of the α phase along the direction perpendicular to the sheet and moving another three icosahedra to the hexagonal holes in the sheet plane (see figure 6(c) , respectively. The corresponding energy barriers of such transitions are then estimated from the energy difference between the initial stage (e.g., the δ 6 or α phase) and the final stage (e.g., the combined system of the icosahedral α sheet plus four isolated icosahedra B 12 , or the icosahedral δ 4 sheet plus nine isolated icosahedra B 12 , or the icosahedral δ 4 sheet plus five isolated icosahedra B 12 , respectively). The final stage is deemed to have been reached when further moves of the removed icosahedra along the perpendicular path will not change the energy of the final stage. The results are presented in figure 6(d) . We found that it will require 0.17 eV/atom (∼1700 K) for the δ 6 phase to transfer to the α phase, and 0.27 eV/atom (∼2700 K) for the α phase to transfer to the δ 4 phase. But it will require much greater energy (0.38 eV/atom, i.e., ∼3800 K) for the δ 6 phase to transfer to the δ 4 phase. Overall, the high-energy barriers indicate that these icosahedral sheets are energetically and thermally stable. But the relatively low energy barrier for the transition from the icosahedral δ 6 sheet to the icosahedral α sheet suggests that it should be possible to 'produce' the α sheet from the δ 6 sheet, whereas it appears unlikely to 'produce' the icosahedral δ 4 sheet directly from the icosahedral δ 6 sheet because of the high energy barrier for the transition. A likely pathway could be the route from the δ 6 sheet first to the α sheet and then to the δ 4 sheet.
Conclusion
Four new boron allotropic structures have been found. They are the icosahedral chain, the icosahedral δ 6 sheet, the icosahedral α sheet, and the icosahedral δ 4 sheet, respectively. These novel icosahedral structures have been shown to be structurally and energetically stable. The icosahedral δ 6 sheet is energetically most stable among these novel icosahedral Figure 6 . The schematic illustration of (a) the transition from the icosahedral δ 6 sheet (top row) to the icosahedral α sheet (bottom row), (b) the transition from the icosahedral δ 6 sheet (top row) to the icosahedral δ 4 sheet (bottom row), (c) the transition from the icosahedral α sheet (top row) to the icosahedral δ 4 sheet (bottom row), and (d) the energy barrier values (as marked at the peak of the black curves) for the transitions from the icosahedral δ 6 sheet to the icosahedral α-and δ 4 -sheets and from the icosahedral α sheet to the icosahedral δ 4 sheet, respectively. The black circles in (a)-(c) denote the removed icosahedra, and the black triangles in (c) denote the icosahedra moved to the center of the hexagons, indicated by the arrows. The numbers adjacent to the red lines in (d) are the relative cohesive energy per atom of the optimized icosahedral sheets with respect to that of the icosahedral δ 6 sheet.
structures, followed by the icosahedral α sheet, the icosahedral δ 4 sheet, and then the icosahedral chain. The slight deformation of the icosahedra B 12 in these new icosahedral structures, due to the existence of the dangling bonds, leads to broad distributions in the bond lengths and the angles between boron atoms inside the icosahedron. All the intericosahedral bonds show two-center directional covalent bonding. Specifically, the δ' bonds in the icosahedral sheets possess the two-center bonding, different from their corresponding three-center type of bonding in the α-B. The short bond length of such bonds, as compared to α-B, also indicates the strong interaction between the NN icosahedra B 12 in the icosahedral sheet structures. Furthermore, the distribution of the inter-icosahedral δ' bonds in the icosahedral sheets depends on the environments of the icosahedra B 12 . Other findings include that these new icosahedral structures behave like semiconductor materials, except the icosahedral α sheet, which appears to be a gapless material. The high energy barriers between the stable icosahedral sheets indicate their relative stability, and possible transition pathways could provide the information for experimental synthesis.
